By engineering and manipulating quantum entanglement between incoming photons and experimental apparatus, we construct single-photon detectors which cannot distinguish between photons of very different wavelengths. These color blind detectors enable a new kind of intensity interferometry, with potential applications in microscopy and astronomy. We demonstrate chromatic interferometry experimentally, observing robust interference using both coherent and incoherent photon sources. 1 arXiv:1905.01823v1 [quant-ph] 
By contrast, color blind detectors retroactively recover interference from conventional interferometry experiments performed with standard beamsplitters but distinct frequencies of light. This is akin to quantum eraser experiments [11, 12] , but now involving erasure of color information. An important advantage of our approach is that only detection apparatus requires augmentation. This is convenient in general, and essential for imaging tasks involving self-luminous sources.
Our design for a color blind detector works as follows. Suppose we want the detector to be unable to distinguish γ 1 , γ 2 , and that γ 2 has a larger energy than γ 1 . Then we consider a third wavelength γ 3 , corresponding to the energy difference between γ 1 and γ 2 . We prepare a special waveguide [13] which can receive γ 1 , γ 2 photons, and simultaneously pump into the waveguide a many γ 3 -photon coherent state. If the waveguide receives a γ 1 photon, then it may either exit the waveguide unchanged (γ 1 → γ 1 ), or absorb an ambient γ 3 to become a γ 2 photon (γ 1 + γ 3 → γ 2 ).
On the other hand, if the waveguide receives a γ 2 photon, then it may either exit the waveguide unchanged (γ 2 → γ 2 ), or emit a γ 3 to become a γ 1 photon (γ 2 → γ 3 + γ 1 ). Therefore, if we measure the output of the waveguide to be γ 2 , we might have started with either color photon.
Note that the possible small change in the number of γ 3 photons is not diagnostic of the original color, since the γ 3 -photon coherent state has comparatively large photon number fluctuations (for more mathematical details, see the Supplementary Materials).
We realize chromatic intensity interferometry with our color blind detectors. As shown in nm pump laser, we up-convert another independent 1550 nm laser light into 863 nm light via sumfrequency generation (SFG) in a home-made straight periodically-poled lithium niobate (PPLN) waveguide [14] (PPLN WG1). An 863 nm band pass filter is exploited to block the 1950 nm pump and the 863 nm light is taken as the source of γ 2 . We then use beamsplitters and wavelength division multiplexing (WDM) to divide and couple photons from both sources to the color blind detectors, which are composed of two integrated PPLN waveguides (PPLN WG A,B) [13] , a 1950 nm pump source, band pass filters, and two telecom band single photon detectors [14] .
A key device within each color blind detector is an integrated PPLN waveguide. We fabricated reverse-proton-exchange (RPE) PPLN waveguides [15] with a total length of 52 mm for both difference-frequency generation (DFG) [16] [17] [18] between 863 nm light and the 1950 nm pump, and sum-frequency generation (SFG) [19] [20] [21] between 1550 nm light and the 1950 nm pump. We use an integrated waveguide structure consisting of a bent waveguide and a straight waveguide with an entrance center-to-center separation of 127 µm, as shown in the inset of Fig. 1 . The main features of the integrated structure are two 5.5 µm wide mode filters, a directional coupler used as a wavelength combiner, and a 8 µm wide uniform straight waveguide with 44 mm long quasi-phasematching (QPM) gratings for optical frequency nonlinear mixing. 1550 nm photons and 863 nm photons are combined by a 1550 nm/863 nm wavelength-division multiplexer (WDM) before they enter the straight waveguide together. 1950 nm photons enter the bent waveguide and pass through a 3.5 mm long S-band before entering the directional coupler. With a waveguide width of 5.5 µm, an edge-to-edge spacing of 5.5 µm, and a length of 2.5 mm, the directional coupler combines the 1950 nm pump, the 863 nm photons and the 1550 nm photons into the same straight waveguide with negligible losses for both signals. The combined photons then enter the QPM mixing region which is poled with a period of 20 µm. The input and output of the waveguides are fiber-pigtailed by two polarization maintaining (PM) taper-fibers and a PM 1550 nm fiber, respectively. The total waveguide throughputs are −3.5 dB and −4 dB for 1550 nm and 863 nm, respectively.
In order to observe color blind interference, we need to change the relative phase between the γ 1 and γ 2 photons in one arm of the detector [6] . Since the phase of a γ 2 photon changes faster than that of a γ 1 photon with the same delay time, we can control the relative phase by adjusting the optical fiber delay (MDL-002) before detector B. We can choose the final output of the color blind detectors to be either γ 1 or γ 2 , contingent on our choice of band pass filters. We record the arrival time of each photon by a time-digital converter (TDC) and a computer.
Generally, intensity interferometry is observed in terms of g (2) (τ ), the second-order quantum mechanical correlation function. As we can see in the red curve in Fig. 2(a) , the correlation g (2) (τ = 3 ns) oscillates as we change the optical delay and detect γ 1 photons by filtering out the γ 2 photons. Photons from lasers obey Poissonian number statistics so that the τ -average of g (2) (τ ) is 1. The visibility of the interference is around 0.4, slightly less than the theoretically expected visibility 0.5 mainly due to the up-conversion single photon detector's dark counts and baseline error from imperfect devices. For comparison, we also measure g (2) (τ ) without the pump light which enables the detectors to distinguish between the incoming wavelengths, so they are no longer color blind. As expected, the interference pattern disappears, as shown by the blue curve of Fig. 2(a) . Fig. 2(b) shows the Fourier transforms of the two curves in Fig. 2(a) . The location of the peak of the red curve represents the frequency of the interference pattern, i.e. the rate of phase change as we scan the optical delay. In our case, the rate of phase change is theoretically the frequency of pump. The measured peak position is around 144 THz, which well-coincides with 1950 nm. The blue curve in Fig. 2 (b) is just noise and so has no large peaks, demonstrating that interference does not occur in the absence of color blind detectors.
Instead of having each color blind detector output 1550 nm light, we can instead arrange that the detectors each output 863 nm light. Data for this alternative arrangement is shown in Fig. 2(c) .
In the figure, we filter in only γ 2 photons at the output of the waveguides, and collect coincidence counts with and without the pumps enabling color blind detection. Relative to filtering in γ 1 photons, the visibility of interference when filtering in γ 2 photons is degraded since the photons tend to be multi-mode when propagating through the PPLN waveguides comprising our color blind detectors. Only photons in the lowest transverse mode participate in interference. The photons in other modes induce noise and thus reduce the visibility.
We also perform Hong-Ou-Mandel interference [22] utilizing standard beamsplitters and two different wavelengths of light. The interference can only be recovered with color blind detectors.
Instead of changing the relative time delay of the light beams, we instead observe coincidence counts between different time slots in the TDC. In Fig. 2 (d), we observe an oscillation of g (2) (τ )
as a function of τ , which decays as the delay between two detectors surpasses the coherence time of the light sources. We can produce bunching or antibunching depending on the setup of the interferometer, and the settings of the color blind detectors.
In a tabletop demonstration experiment, it is convenient to use lasers as light sources. Considering future applications, we would like to observe chromatic interferometry for incoherent or semi-incoherent sources such as thermal light from a star or photon emission from fluorescent proteins. Therefore, it is important to demonstrate that our chromatic intensity interferometer can function with thermal light. Accordingly, we experimentally performed chromatic intensity in-terferometery with thermal light sources. To construct a thermal source, we prepare a C band amplified spontaneous emission (ASE) light source with 30 nm spectral bandwidth. We first filter the ASE light with a 100 GHz bandwidth dense wavelength division multiplexer (DWDM) and then amplify it with an Erbium doped fiber amplifier (EDFA). The emission of EDFA is further filtered by a 50 MHz bandwidth etalon to select out a thermally populated mode which is then divided into two beams. One is used for γ 1 and the other one is converted to 863 nm in a PPLN waveguide to become γ 2 , similar to the coherent laser setting from before. In this thermal source setup, the γ 1 and γ 2 photons are generated from the same source and thus their phases are correlated. To destroy these correlations, the γ 1 beam is sent through a 20 km spool of fiber, and fluctuations of the fiber ruin the phase coherence between γ 1 and γ 2 . Then we send both beams to the color blind detectors and observe interference. As shown in Fig. 3 (a) and Fig. 3 (c), we observed interference of the thermal light in when the color blind detectors output only |γ 1 γ 1 or only |γ 2 γ 2 , respectively. We also compute the Fourier transform of the interference pattern for the |γ 1 γ 1 case. In the absence of color blind detectors (i.e., by not pumping the waveguides), we check that interference does not occur. We have also performed chromatic Hong-Ou-Mandel interferometry with these thermal sources, and g (2) (τ ) is shown in Fig. 3(d) .
One apparent difference between our experimental data for thermal sources versus coherent lasers is the mean value of the interference patterns. In Fig. 3(a) and Fig. 3(c) , the mean value is larger than 1, which coincidences with the super-Poissionian number statistics of thermal light.
The visibility for the thermal sources is worse than for the coherent lasers since the coherence time of the thermal sources is much shorter. Thus every mismatch in the optical path will lead to the loss of coherence and visibility.
Since we expect color blind detectors to have applications in free space imaging, we also performed chromatic interferometry in free space. As shown in Fig. 4(a) , we detect the photons from two disk-like sources emitting different wavelengths of light. The disk-like sources are situated 125 µm apart in a fiber array, and color blind detectors are placed 40 cm away. When we move the position of one of the detectors using a linear translation stage, we observe an interference pattern, as shown in the red curve in Fig. 4(c) . The blue curve in Fig. 4(c) illustrates that interference is not observed in the absence of color blind detection. We also show in Fig. 4 (b) the standard Hanbury-Brown Twiss interference pattern when the two sources emit at the same wavelength, utilizing standard detection apparatus. Our free space results for chromatic interferometry demonstrate the potential application of color blind detection in imaging.
In conclusion, we have used our color blind detectors to perform intensity interferometry between photons of very different wavelengths, and to recover their relative phase information, which is inaccessible to conventional detectors. Since our technique does not require lenses, it could be used with very large apertures, and in regions of the spectrum where lenses are not readily available. This might inspire new opportunities for imaging and thus calls for further theoretical and experimental research. As an example, color blind detectors can enhance the ability of fluorescent microscopes [23] [24] [25] to resolve nearby proteins which emit at distinct frequencies. We can also leverage a generalization of the van Cittert-Zernike formula for sources of different wavelengths measured with color blind detectors [6] .
Our work exploits and emphasizes the realization that detectors are themselves quantum mechanical objects, which "measure" other systems by becoming entangled with them [6, 26, 27] .
Indeed, the core mechanism enabling multi-wavelength intensity interferometry is a trade-off between coherence of multi-photon phase information and coherence of color information, implemented by crafting and manipulating the entanglement between source photons and the detection apparatus. (For mathematical details, see the Supplementary Materials.) We anticipate that further analysis of the quantum mechanics of detectors will reveal other trade-off opportunities.
Supplementary Materials Theoretical Overview
First, we review the mathematics behind color blind detectors [6] . Suppose we have two types of photons γ 1 and γ 2 , where the wavelength of γ 2 is shorter than that of γ 1 . We also consider a third wavelength γ 3 whose energy is the difference in energies between γ 2 and γ 1 . We prepare a coherent state of γ 3 photons, denoted by |α, coh.
where α is a complex number, and |n γ 3 is a number state with n γ 3 photons in an incoming mode.
The average number of photons in the state |α, coh. γ 3 is γ 3 α, coh.| n |α, coh. γ 3 = |α| 2 . In our setting, the average number of photons |α| 2 is large, which holds when the pump is a strong laser.
Our PPLN will have an input state either of the form
which has a single γ 1 photon and a coherent state of γ 3 photons, or
which has a single γ 2 photon and a coherent state of γ 3 photons. The input state evolves with the
where a † , a are creation and annihilation operators. Evolving for a time T , we have:
sin χ T n γ 3 + 1
Let us call the first state |Ψ 1 γ 1 γ 2 γ 3 and the second state |Ψ 2 γ 1 γ 2 γ 3 . Notice that both states are entangled between the γ 1 , γ 2 modes, and the γ 3 mode. The first state is a superposition of two possibilities: (i) the γ 1 remains, and (ii) the γ 1 absorbs a γ 3 and is upconverted to a γ 2 . The second state is similarly a superposition of the two possibilities: (i) the γ 2 remains, and (ii) the γ 2 emits a γ 3 photon and is downconverted to a γ 1 .
Next, we put the state through a filter which only lets through γ 2 photons, and proceed if a γ 2 photon is outputted. This is equivalent to post-selecting by projecting onto 1 ⊗ |1 γ 2 γ 2 1| ⊗ 1 and renormalizing the residual state, as
Letting α = e iφ √ N for N large, we find that
and so | Ψ 1 γ 1 γ 2 γ 3 and | Ψ 2 γ 1 γ 2 γ 3 cannot be distinguished. In plainer terms, this means if we evolve either γ 1 or γ 2 in the PPLN with the γ 3 coherent state and then measure a γ 2 as the output, then the apparatus fundamentally cannot tell us whether γ 2 was originally a γ 1 or a γ 2 . Hence, the detection apparatus is color blind.
There is another, more illuminating way of reprocessing the above analysis. Consider again the evolved states |Ψ 1 γ 1 γ 2 γ 3 and |Ψ 2 γ 1 γ 2 γ 3 . We can write down the corresponding density matrices
and trace out the γ 3 photons to obtain
Again letting α = e iφ √ N and taking N large, we can use the Euler-Maclaurin formula and a saddle point approximation to compute the explicit expressions of ρ γ 1 γ 2 and σ γ 1 γ 2 . We find that
where and so we see more simply that the detector is blind to the initial color of the photon.
The key observation is that in the large photon limit of the coherent state, we can truly treat γ 3 as a classical light field which is incapable of recording information about individual photons.
In fact, we see from Eqn.'s (16) and (17) that the effective Hamiltonian which evolves the γ 1 , γ 2 modes is
which clearly performs a rotation in color space.
To perform chromatic intensity interferometry, we consider two sources 1 and 2, emitting γ 1 and γ 2 photons, respectively. We also have two color blind detectors A and B. Let D 1A be the probability amplitude that a single photon emitted from 1 is received by A. The probability 
where the first term corresponds to having a γ 1 photon at A and a γ 2 photon at B, and the second term corresponds to having a γ 2 photon at B and a γ 1 photon at A. After the detectors A and B
process their photons and we post-select on A outputting γ 2 and B outputting γ 2 , we are left with the state
with probability
which contains the Hanbury-Brown Twiss interference term [5, 6, 8] 
. As a concrete example, suppose that χT √ N = π/4, and that the length from 1 to A is L 1A .
The lengths L 2A , L 1B , L 2B are defined similarly. Denoting the wavelengths of γ 1 and γ 2 by λ 1 and λ 2 respectively, and assuming the sources 1 and 2 emit photons with equal probability, we have
where θ 1 , θ 2 are phases associated with the emission of photons from sources 1 and 2, respectively.
In this case, Eqn. (21) becomes
where the interference term Re
cos 2π
Note that the interference term is independent of θ 1 and θ 2 . Accordingly, we can achieve interference between two mutually incoherent sources [6, 8] . In this case, θ 1 and θ 2 may be strongly time-dependent, but nonetheless cancel out in the interference term.
In the analysis above, we have assumed that our photon sources each emit exactly one photon within some time window. We can relax this assumption in various ways. First, suppose that the first and second sources emit coherent superpositions of photon number states, namely
respectively, where the c i 's and d i 's are complex numbers satisfying
Then detectors A and B receive the state
detector receiving a single photon, and so has the same form as Eqn. (19) . The second line corresponds to (i) the first source emitting two photons and the second source emitting no photons, and each detector receiving a single photon, and (ii) the first source emitting no photons and the second source emitting two photons, and each detector receiving a single photon. The final line with the ellipses accounts for the remaining terms.
As before, after the detectors A and B process their photons and we post-select on A outputting a single γ 2 and B outputting a single γ 2 , we obtain the state
Several remarks are in order. First, notice that if |c 0 ||d 2 | |c 1 ||d 1 | and |c 2 ||d 0 | |c 1 ||d 1 |, then the first term in the above equation dominates, which recovers the same interference as in Eqn. (21) .
are the same as in Eqn. (22), but with θ 1 = θ 1 (t) and θ 2 = θ 2 (t) time-dependent and rapidly changing faster than the timescale of photon emission from the sources. It is natural to assume that θ 1 (t) and θ 2 (t) are each ergodic on [0, 2π]. In this case, it is easy to check that the time average of Eqn. (28) is simply the first two lines of the equation, i.e. the last three lines vanish under time averaging. This is because only the terms in the first two lines are independent of θ 1 (t) and θ 2 (t), whereas the remaining terms do depend on θ 1 (t) and θ 2 (t) and so average to zero. Accordingly, we can still recover the desired Hanbury-Brown Twiss interference
since this is the only remaining term sensitive to relative phases between the photon probability amplitudes after time-averaging. Note that the experimental collection of data automatically incorporates time-averaging, since one averages results over many trials.
Instead of requiring the sources to emit coherent superpositions of photon number states as in Eqn. (24) and (25), we can also accommodate for arbitrarily incoherent density matrices of photon states. For instance, suppose that the first and second sources emit completely incoherent sums of photon number states described by the density matrices
This occurs, for instance, if the sources are thermally populating the photon modes, and {p i }, {q i } are classical Gibbs distributions. Running through the same analysis as above, after the detectors process their photons and we post-select on A outputting a single γ 2 and B outputting a single γ 2 ,
we are left with the density matrix
Notice that this has a similar form as Eqn. (28), but without the unwanted interference terms in the last three lines of Eqn. (28). As before, we recover the desired Hanbury-Brown Twiss interference
, which is in fact the only interference term in Eqn. (32).
Experimental Methods
Experiment details for coherent sources. We use a 1550 nm laser as the γ 1 source, and a 1950 nm laser as the γ 3 source. In our proof-of principle experiment, the γ 2 source is generated by up-conversion of a separate γ 1 source by the γ 3 source.
Our color blind detector requires that ν γ 1 + ν γ 3 = ν γ 2 , and that the photons involved be quasiphase-matched in the PPLN waveguide. We can adjust the temperature of the PPLN waveguide to change the refractive index so that quasi-phase-matching can be achieved, which can be diagnosed from the count rate of the detector. Our parameters, such as the photon wavelengths, temperature of PPLN waveguide, and pump power, are shown in Table I . Also note that the 1950 nm pumps for the two PPLN waveguides should be phase locked, to enable intensity interferometry. In our experiment, the two 1950 nm pumps are siphoned from a single source and the phase noise is weaken by insulating fiber optical cables with cotton.
For chromatic interferometry, photons which do not participate in (partial) frequency conversion should be taken as noise or dark counts. Only photons with polarization parallel to the optical axis can be up-converted or down-converted in the PPLN waveguide. Fortunately, the PPLN waveguide does not let through photons with polarization vertical to the optical axis and thus imperfect polarization will not contribute to the dark counts. We leverage this feature to control the number of photons received by each detector via polarization controllers after each light source. Similarly, photons in higher-order spatial modes of the waveguide do not take part in the frequency-conversion process. Therefore, the coupled fiber should be matched to the lowest (radially symmetric) transverse mode at the input and output of PPLN waveguide.
Experiment details for thermal sources. Our setup for chromatic interferometry of thermal light sources is shown in Fig. 5 . To generate a thermal light source in the tabletop experiment, we use an ASE source with 30 nm spectral width and implement a 50 MHz bandwidth filter to select out one thermally populated mode. To test the photon number distribution of our thermal source, we pass the photons through a 50-50 beamsplitter, and record the arrival times at two detectors placed after each out port of the beamsplitter in order to calculate g (2) (τ ). As shown in Fig. 6 , the g photons are generated from the same source. In order to destroy residual phase correlations between our γ 1 and γ 2 sources, we run the γ 1 photons through a 20 km spool of fiber.
We test chromatic interferometry in four scenarios: (i) both color blind detectors output γ 1 , (ii) detector A outputs γ 1 and detector B outputs γ 2 , (iii) detector A outputs γ 2 and detector B outputs γ 1 , and (iv) both detectors output γ 2 . The key parameters are shown in Table 2 .
Calculating the second order coherence function. Let I A (t 1 ) be the intensity measured at detector A at time t 1 , and similarly let I B (t 2 ) be the intensity measured at detector B at time t 2 . The definition of the second order coherence function g (2) (τ ) is:
where the suppressed limits of the integrals are limited by the length of our trials. Note that in the limit of long integration time (i.e., the integrals dt above are essentially
in our notation from earlier.
In our experiment, we record the arrival time of each photon detected by a UCSPD. To analysis the data, we set a 1 ns gate time and judge the coincidence of each count. When two counts from separate detectors fall into the same time bin, we register a coincidence. Let n coincidence be the total number of coincidence counts over the course of a run, let n bin be the total number of time bins, and let n A and n B be the total counts of detector A and detector B, respectively. Then our calculation of g (2) (τ ) amounts to g (2) (τ ) = n coincidence · n bin n A · n B
Considerations for visibility of interference. In the theoretical overview, we wanted to choose θ = χT √ N = π/4 such that cos 2 (θ) = sin 2 (θ) = 1/2 to achieve maximum visibility of the interference. In that analysis, we assumed that the same number of incoming γ 1 and γ 2 photons couple to the color blind detectors. However, in practice, the number of γ 1 and γ 2 photons which couple to a PPLN waveguide can be different. Suppose we are post-selecting on γ 1 . Then letting N γ 1 and N γ 2 be the number of photons which couple to a PPLN waveguide over the course of an experimental run, to achieve maximal visibility we need to ensure that N γ 1 cos 2 (θ) = N γ 2 sin 2 (θ) for both color blind detectors A and B. Another parameter that influences the visibility is the gate time of the coincidence counter, which corresponds to the time resolution of the detector. As shown in Fig. 7 , the visibility decreases as the gate time increases. For single photon detection,
given the total count of each detector, increasing the gate time increases the probability that two coincident photons come from one light source, which will decrease the visibility of interference.
On the other hand, if the gate time is too small, then there will be fewer coincidence counts and hence a decreased signal-to-noise ratio.
